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SAP Regulates TH2 Differentiation
and PKC--Mediated Activation of NF-B1
XLP, SAP/SH2D1A/DSHP, which encodes a 128 amino
acid polypeptide comprised largely of an SH2 domain
(hereafter referred to as SLAM-associated protein [SAP])
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(Coffey et al., 1998; Nichols et al., 1998; Sayos et al.,Gary A. Koretzky,4,5 Kevin Gardner,2
1998). SAP is expressed in T cells, NK cells, and someand Pamela L. Schwartzberg1,*
human B cells and binds to a conserved tyrosine-con-1National Human Genome Research Institute
taining motif found in the intracellular domain of the2 National Cancer Institute
costimulatory molecule CD150/SLAM and related CD2National Institutes of Health
family members, including CD84, CD229/Ly9, CD224/Bethesda, Maryland 20892
2B4, CRACC, and NTB-A/Ly108 (Engel et al., 2003). Al-3 George Washington University
though ligands for many of these receptors are un-Institute of Biomedical Sciences
known, SLAM can bind itself and signal via a homophilicWashington, D.C. 20052
interaction. Stimulation of human TH1 clones with anti-4 Children’s Hospital of Philadelphia
SLAM monoclonal antibodies increases proliferation5 Abramson Family Cancer Research Institute
and IFN- production, suggesting that SLAM/SAP sig-Department of Pathology and Laboratory Medicine
naling may regulate T helper cell cytokine productionPhiladelphia, Pennsylvania 19104
(Cocks et al., 1995). Following SLAM engagement, SAP
recruits the tyrosine kinase Fyn to the SLAM/SAP com-
plex via an interaction with the Fyn SH3 domain, leadingSummary
to SLAM tyrosine phosphorylation and binding of several
downstream signaling intermediates, including SHIP-1,XLP is caused by mutations affecting SAP, an adaptor
Dok1 and 2, and Shc (Chan et al., 2003; Latour et al.,that recruits Fyn to SLAM family receptors. SAP-defi-
2001, 2003). Overexpression studies suggest that SAPcient mice recapitulate features of XLP, including
may also competitively interfere with recruitment ofincreased T cell activation and decreased humoral
phosphatases to SLAM (Li et al., 2003; Sayos et al.,responses post-infection. SAP-deficient T cells also
1998). Nonetheless, the mechanism(s) by which SAP-show increased TCR-induced IFN- and decreased
mediated pathways affect cytokine production andTH2 cytokine production. We demonstrate that the de-
whether this contributes to the phenotypes of XLP re-fect in IL-4 secretion in SAP-deficient T cells is inde-
main unclear.pendent of increased IFN- production. SAP-deficient
To develop a potential model of XLP, several groupscells respond normally to polarizing cytokines, yet
have generated mice that lack expression of SAP (Czarshow impaired TCR-mediated induction of GATA-3
et al., 2001; Wu et al., 2001; Yin et al., 2003). SAP-and IL-4. Examination of TCR signaling revealed nor-
deficient mice show grossly normal lymphocyte devel-mal Ca2 mobilization and ERK activation in SAP-defi-
opment. However, following viral infection, these micecient cells, but decreased PKC- recruitment, Bcl-10
recapitulate several features of XLP, including increasedphosphorylation, IB- degradation, and nuclear NF-
T cell activation and IFN- production, as well as im-B1/p50 levels. Similar defects were observed in Fyn-
paired antibody responses. Further examination ofdeficient cells. SLAM engagement amplified PKC-
SAP/ mice revealed that SAP plays a critical role inrecruitment in wt but not SAP- or Fyn-deficient cells,
CD4 T cell-mediated help necessary for the develop-arguing that a SAP/Fyn-mediated pathway enhances
ment of long-term humoral immunity (Crotty et al., 2003;PKC-/NF-B1 activation and suggesting a role for
Yin et al., 2003). Surprisingly, stimulation of SAP-defi-
this pathway in TH2 regulation. cient T cells in vitro revealed defective TH2 cytokine
production (Czar et al., 2001; Wu et al., 2001), a pheno-
Introduction type also recently observed in SLAM-deficient T cells
(Wang et al., 2004). In vivo TH2 defects have also beenX-linked lymphoproliferative disease (XLP) is a complex observed in SAP-deficient mice in response to Leish-
disorder characterized by severe immune dysregulation mania major (Wu et al., 2001).
that is generally triggered by infection with Epstein-Barr To provide insight into the pathophysiology of XLP,
virus (EBV) (Engel et al., 2003). Upon exposure to EBV, we have examined T cell signaling and cytokine produc-
XLP patients exhibit an uncontrolled expansion of T cells tion in cells from SAP-deficient mice. We find that SAP-
that can infiltrate the liver and bone marrow, leading to deficient CD4 T cells show defective IL-4 secretion in
significant mortality. Individuals who survive EBV infec- response to TCR stimulation that is independent of their
tion frequently develop dysgammaglobulinemia and B increased IFN- production. T cells from SAP-deficient
cell lymphomas. Nonetheless, these phenotypes are mice respond normally to polarizing cytokines but show
also seen in XLP in the absence of EBV exposure, sug- impaired TCR-mediated induction of GATA-3 and IL-4.
gesting a basic immune dysregulation associated with We further show that SAP/ T cells have impaired TCR-
this disease. induced PKC- recruitment, phosphorylation of Bcl-10,
In 1998, three groups identified the gene aberrant in IB- degradation, and activation of NF-B1/p50, yet
relatively normal regulation of IB- and c-Rel. Reex-
pression of wild-type (wt) but not a Fyn binding mutant*Correspondence: pams@mail.nih.gov
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Figure 1. Impaired Production of TH2 Cytokines by SAP-Deficient T Cells Is Independent of IFN-
(A–C) Cytokine production from (A) splenic T cells or (B) sorted CD62Lhi CD44lo naive negatively selected CD4 T cells stimulated with
immobilized anti-CD3 and soluble anti-CD28; (C) negatively selected OT-II CD4 T cells stimulated with peptide pulsed splenic dendritic cells;
(D) negatively selected CD4 T cells stimulated with anti-CD3 and anti-CD28 under TH1, TH2, or nonpolarizing conditions and restimulated
with anti-CD3 and anti-CD28 for either 5 hr (for intracellular stains) or 48 hr (for ELISA); (E) purified CD4 T cells from wt and SAP/ mice on
an IFN-/ background stimulated with anti-CD3 plus anti-CD28.
of SAP rescued the defects in both PKC- recruitment cells that had been negatively selected to remove
CD4NK1.1 cells, a known source of early IL-4 produc-and IL-4 production in SAP-deficient cells. Moreover,
SLAM engagement can increase TCR-mediated PKC- tion (Figure 1B). Stimulation of SAP/ cells with anti-
CD3  anti-CD28 again revealed increased IFN- pro-recruitment, nuclear p50 levels, and IL-4 production in
wt but not SAP-deficient T cells, suggesting a potential duction and profound defects in IL-4 secretion, as seen
by both ELISA and intracellular staining analyses (Fig-new role for SLAM in T cell signaling. Our data argue
that a SAP/Fyn pathway may be required for the efficient ures 1A, 1B, and 1D). Reduced levels of IL-4 secretion
were also detected following antigen stimulation of OT-recruitment of PKC- and Bcl-10 as well as proper pat-
terns of activation of NF-B and suggest a potentially 11 SAP/ CD4 cells with peptide pulsed dendritic cells
(Figure 1C). Nonetheless, IL-2 production and prolifera-novel pathway of TH2 cytokine regulation.
tion were unimpaired in SAP-deficient cells (see Sup-
plemental Figure S1 at http://www.immunity.com/cgi/Results
content/full/21/5/693/DC1/; data not shown). Thus,
SAP-mediated pathways appear to help regulate theDeviation in Cytokine Production
balance of T helper cell cytokine production.We previously reported that anti-CD3 stimulation of
T helper cell differentiation is influenced by signalssplenocytes from SAP-deficient mice led to enhanced
from both the TCR and from cytokines themselves. ToIFN- and impaired IL-4 production, indicative of a bias
determine whether SAP-deficient cells have defectiveto TH1 differentiation (Czar et al., 2001). To ascertain if
responses to cytokines, CD4 T cells were stimulatedthese phenotypes were T cell intrinsic, we examined
under conditions promoting either TH1 (IL-12 plus anti-cytokine secretion from either purified SAP-deficient
T cells (Figure 1A) or naive sorted CD62LCD44CD4 IL-4) or TH2 (IL-4 plus anti-IL-12 and anti-IFN-) differen-
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tiation. Consistent with previous results, SAP-deficient normal responses to IL-4. Thus, SAP/ T cells have a
specific defect in GATA-3 induction in response to TCR-CD4 cells were able to polarize and secrete normal
levels of both TH1 and TH2 cytokines (Figure 1D). Simi- mediated signals.
To determine if reexpression of GATA-3 would rescuelarly, expression and phosphorylation of Stat6 in re-
sponse to IL-4 were normal in SAP/ cells (Supplemen- the TH2 defect in SAP-deficient T cells, a bicistronic
retrovirus encoding GATA-3 and GFP was introducedtal Figure S2). Thus, SAP-deficient CD4 T cells do not
have an intrinsic defect in their ability to respond to into CD4 T cells that were initially stimulated under
neutral conditions (anti-IL-4 and anti-IFN-) and thenextrinsic cytokine signals and can differentiate into the
appropriate T helper cell lineages in vitro. expanded in IL-2 (Figure 2E). SAP-deficient T cells ex-
pressing the GFP control vector had only 12% the num-Nonetheless, the TH2 defect in SAP-deficient cells
could be secondary to their overproduction of IFN-, bers of IL-4-producing cells seen with infected wt CD4
T cells. However, virus-mediated expression of GATA-3which is observed both in vitro and in vivo after infection
with either Toxoplasma gondii or LCMV (Czar et al., produced a substantial increase in the number of SAP/
cells producing IL-4. This increase was also observed2001). To investigate this possibility, SAP/ mice were
crossed onto an IFN--deficient background. Following in the GFP cells, which is likely to result from the ability
of SAP-deficient cells to respond normally to IL-4 pro-stimulation, SAP/IFN-/ CD4 T cells still failed to
produce appreciable levels of IL-4 (Figure 1E). Thus, the duced by the infected cells. Interestingly, despite the
increase in IL-4 production from SAP/ T cells express-defect in TH2 cytokine secretion in SAP-deficient T cells
appears to be independent of the effects of increased ing GATA-3, these cells continued to produce higher
than wt levels of IFN-, suggesting that rescue of theIFN-.
IL-4 defect does not alter the TH1 skewing in SAP-defi-
cient cells (data not shown).Impaired TCR-Mediated Regulation of GATA-3
To further evaluate the defect in TH2 cytokine production
in SAP/ CD4 cells, we used quantitative real-time SAP Deficiency Selectively Impairs TCR-Mediated
PKC- Recruitment and Bcl-10 ActivationPCR and Northern analyses to examine the expression
of transcription factors involved in T helper cell differen- To investigate molecular mechanisms that may account
for the TCR-mediated defect in TH2 cytokine productiontiation. T-bet and GATA-3 are two transcription factors
that are considered to be the master regulators of TH1 in SAP-deficient T cells, we examined signaling events
induced by TCR engagement. Both wt and SAP/ T cellsand TH2 differentiation, respectively (Murphy and Reiner,
2002). GATA-3 plays a critical role in the initiation of exhibited similar patterns of tyrosine phosphorylation,
Ca2 mobilization, and phosphorylation of ERK1/2, JNK1,chromatin remodeling in the TH2 cytokine gene cluster
and can drive expression of TH2 cytokines. Repressor and the guanine-nucleotide exchange factor Vav1 in re-
sponse to anti-CD3 stimulation (Figures 3A, 3B, andof GATA-3 (ROG) binds the same DNA sequence and
can block GATA-3 activity. Another transcription factor, 6F, and data not shown). Electromobility shift assays
(EMSAs) revealed similar patterns of activation ofc-maf, is essential for transactivation of IL-4 (Murphy
and Reiner, 2002). NFATc1/c2 and AP-1, transcription factors that have
been implicated in TH cell differentiation in wt and SAP-Following TCR stimulation, SAP-deficient and wt CD4
T cells had quantitatively and temporally similar patterns deficient T cells (Figure 3C and Supplemental Figure
S3). TCR- and CD28-induced phosphorylation of Aktof TH1-specific transcripts, including IFN-, IL-12R2,
and T-bet. Regulation of both c-maf and ROG in mutant were also relatively normal in SAP/ cells, suggesting
normal regulation of PI3-kinase pathways (Figure 3D).T cells was also similar to that of wt T cells. However,
SAP-deficient T cells showed a marked defect in the Another major outcome of TCR engagement is the
polarization of the actin cytoskeleton to the site of TCRinduction of GATA-3 mRNA (Figure 2A). The defect in
GATA-3 expression paralleled the defect in IL-4 tran- stimulation and recruitment of signaling molecules to
the immunological synapse. To examine these processes,scription and was observed in either positively selected
SAP-deficient CD4 cells (Figure 2A) or those depleted we stimulated cells with beads coated with antibodies to
the TCR in the presence or absence of anti-CD28, a modelof NK and NKT cells by negative selection (Figure 2B).
This defect was also confirmed using purified CD4 T cells system for T cell activation and recruitment of signaling
molecules. Upon T cell activation, SLAM colocalizesfrom IFN-/ wt and SAP/ mice (data not shown).
The induction of GATA-3 during early stages of TH2 with the TCR (Howie et al., 2002). Similarly, we find that
SAP is also recruited to the site of TCR stimulation (Fig-differentiation is dependent on signals from both the
TCR and the IL-4/Stat6 pathway (Murphy and Reiner, ure 3E). Moreover, anti-SLAM antibodies potentiated
SAP recruitment, suggesting that SLAM and SAP may2002). To specifically examine the effects of TCR versus
cytokine signals on GATA-3 expression, we evaluated influence molecular events at the synapse.
A key molecule recruited to the central area of theGATA-3 mRNA in purified CD4 T cells stimulated under
neutral conditions (anti-IFN-, anti-IL-12, and anti-IL-4) immune synapse is the novel protein kinase C isoform
PKC-, which plays an important role in the activation of(Figure 2C). wt and SAP/ T cells exhibited similar basal
levels of GATA-3 mRNA. However, following T cell stimu- transcription factors, including NF-B (Sun et al., 2000).
Interestingly, recent studies suggest a role for PKC- inlation, SAP/ CD4 cells both failed to upregulate GATA-
3 mRNA and to increase IL-4 expression, as observed IL-4 production (Hehner et al., 2000; Marsland et al.,
2004). Upon stimulation with anti-TCR-coated beads,by intracellular cytokine analyses (Figure 2C). SAP-defi-
cient T cells did upregulate GATA-3 mRNA under TH2 wt T cells induced PKC- translocation to the T cell:
bead contact site, which was further enhanced by coli-polarizing conditions (Figure 2D), consistent with their
Immunity
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Figure 2. Impaired TCR-Mediated Upregulation of GATA-3 and IL-4 in SAP/ T Cells
(A and B) RNA was isolated from CD4 T cells following stimulation with anti-CD3 anti-CD28 at 24 and 48 hr and subjected to real-time
quantitative RT-PCR analysis for 2M, IFN-, IL-12R2, T-bet, IL-4, c-maf, GATA-3, and ROG. (A) CD4 T cells purified via positive selection.
(B) CD4 T cells purified via negative selection.
(C) RNA was isolated from either resting purified CD4 T cells or CD4 T cells stimulated with anti-CD3 plus anti-CD28 under neutral conditions
(anti-IL-4, -IFN-, and -IL-12) (upper panel) and evaluated by Northern analyses for GATA-3. CD4 T cells stimulated under neutral conditions
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Figure 3. Biochemical Analysis of T Cell Acti-
vation
(A) Ca2 mobilization. Purified T cells were
stimulated with biotinylated anti-CD3 (1) and
crosslinked with streptavidin (2). Ca2 mobili-
zation is represented as the ratio of bound to
unbound dye.
(B) Activation of ERK1/2 (anti-CD3 [1 	g/ml])
(upper panel), Vav phosphorylation (middle
panel), and JNK1 (anti-CD3 [3 	g/ml] plus
anti-CD28 [10 	g/ml]) (lower panel).
(C) NFAT DNA binding activity. T cells were
stimulated with anti-CD3  anti-CD28 for 24
hr. EMSAs performed with a consensus NFAT
binding sequence from the distal IL-4 pro-
moter and complexes supershifted with anti-
NFATc1 and/or anti-NFATc2 antibodies.
(D) Akt activation was evaluated by immu-
noblotting of lysates from purified T cells
stimulated with anti-CD3 (3 	g/ml)  anti-
CD28 (10 	g/ml) using antibodies directed
to phosphorylated epitopes on Akt (Thr308)
and (Ser473).
(E) SAP recruitment to the site of TCR stimula-
tion. Purified T cells were incubated with latex
beads coated with anti-TCR  anti-CD28 
anti-SLAM or Ig control for 30 min at 37
C
and stained for SAP localization.
gation with anti-CD28. However, SAP-deficient cells deficient cells showed equivalent recruitment of actin
and Vav (Figure 4C and Supplemental Figure S4), sug-showed reduced numbers of cells scoring positive for
polarized PKC- localization to the bead contact site gesting that these cells were equivalently stimulated
and polarized.following either TCR or TCR plus CD28 engagement
(Figure 4A). This defect was even more pronounced To further examine PKC-, we used cell fractionation
to evaluate its recruitment to lipid rafts, which is requiredupon antigen stimulation of SAP-deficient TCR trans-
genic cells (Figure 4B). Nonetheless, both wt and SAP- for PKC- activation. Separation of raft from soluble
for 70 hr were evaluated for cytokine production via intracellular staining (lower panel).
(D) RNA was isolated from CD4 T cells stimulated for 3 and 5 days under neutral, TH1, or TH2 conditions, and GATA-3 was evaluated by
Northern blots. Exposure times of the radiographs were (C) 7 days and (D) 2 days.
(E) CD4 T cells were stimulated with anti-CD3 plus anti-CD28 for 24 hr in the presence of blocking anti-cytokine antibodies, infected with
GATA-3 or control retroviruses, and maintained for 48 hr. Cells were cultured for 3 additional days in 10 U/ml of IL-2 and then restimulated
for intracellular cytokine analysis.
Immunity
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Figure 4. SAP-Deficient T Cells Demonstrate Defective PKC- Recruitment and Bcl-10 Phosphorylation
(A) Purified T cells were incubated with latex beads coated with anti-TCR  anti-CD28  anti-SLAM or Ig control for 60 min at 37
C and
stained for PKC-. Graphs represent the percentage of cells scoring positive for polarized PKC-.
(B) CD4 T cells from AND TCR Tg mice were permitted to conjugate to CMAC (blue) dyed B cells  Ag for 30 min, then fixed and stained for
PKC- (red). Graphs represent the percentage of cells scoring positive for polarized PKC-.
(C) Purified T cells were stimulated as in (A) for 15 min and stained for actin polarization.
(D) Purified CD4 T cells were stimulated with biotinylated anti-CD3 (10 	g/ml) plus anti-CD28 (10 	g/ml) and X-linked with streptavidin for
30 min. Distribution of PKC-, PLC-, and Vav were assessed in fractions 1, 2 and 9; 10, representing lipid raft (R) and soluble fractions (S),
respectively. Raft:soluble (R:S) ratios are shown for cell fractions from stimulated cells.
(E) Purified T cells were stimulated as in (A) and stained for Bcl-10.
(F) Purified CD4 T cells stimulated with anti-CD3 (10 	g/ml) and lysates immunblotted for Bcl-10. Bcl-10 migrates at 34 kDa and approximately
40 kDa.
(G) Purified T cells were stimulated as in (A) but stained for PKC- after 4 or 8 hr. Images are of cells stimulated for 8 hr.
fractions was confirmed by blotting with Cholera toxin TCR plus CD28 costimulation (Figure 4E). Moreover, a
TCR-induced shift in the mobility of Bcl-10, which hasB binding of GM1 ganglioside (data not shown). Stimula-
tion of wt T cells induced a small yet reproducible in- been attributed to phosphorylation, was decreased in
SAP-deficient T cells relative to wt T cells (Figure 4F).crease in PKC- in the raft fraction. However, lysates
from stimulated SAP-deficient cells exhibited reduced Thus, SAP deficiency appears to selectively impair the
efficiency of TCR-mediated regulation of PKC- andPKC- recruitment to raft fractions despite relatively nor-
mal raft translocation of Vav and PLC- (Figure 4D). Bcl-10.
PKC- has been found to be required for phosphoryla-
tion and recruitment of the CARD-containing protein A Role for SLAM in Potentiating PKC-
and Bcl-10 RecruitmentBcl-10 (Thome, 2004). Consistent with their defect in
PKC- localization, SAP-deficient T cells showed ineffi- The recruitment of SLAM (Howie et al., 2002) and SAP
(Figure 3E) to the site of TCR engagement suggestscient recruitment of Bcl-10 in response to either TCR or
Regulation of PKC-q and Th2 Differentiation by SAP
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that SLAM may influence TCR-mediated signals. SLAM- deficient T cells showed reduced p50 protein levels in
the nucleus following TCR stimulation. Moreover, en-deficient CD4 T cells also show defects in TCR-induced
IL-4 production in vitro (Wang et al., 2004), suggesting gagement of SLAM enhanced nuclear p50 levels in wt
but not SAP-deficient cells, parallel to its effects onthat SLAM is at least one of the SAP binding receptors
involved in the regulation of IL-4. Supporting this, we PKC- recruitment (Figure 5F). Thus, SAP deficiency
appears to selectively affect translocation of specificfind that overexpression of SLAM on antigen-presenting
cells (which should stimulate SLAM on T cells) can in- NF-B family members.
crease IL-4 production in a SAP-dependent fashion
(Supplemental Figure S5). Intriguingly, we observed that Fyn-Deficient T Cells Show Similar Defects
like CD28 ligation, SLAM engagement increased PKC- as SAP-Deficient Cells
and Bcl-10 recruitment to the site of contact with anti- In cells expressing SAP, SLAM ligation results in protein
TCR-coated beads in wt T cells (Figures 4A and 4E). tyrosine phosphorylation secondary to SAP-mediated
Moreover, in wt T cells, anti-SLAM but not anti-CD28 recruitment and activation of Fyn (Chan et al., 2003;
stabilized PKC- polarization even after 8 hr of stimula- Latour et al., 2003). Since Fyn is involved in signaling
tion (Figure 4G). These increases, however, were not pathways downstream of SAP, we asked whether Fyn/
observed in SAP-deficient cells. Increases in PKC- and T cells exhibit phenotypes analogous to those associ-
Bcl-10 recruitment also did not occur in wt cells stimu- ated with SAP deficiency. Although initial reports sug-
lated with beads coated with anti-TCR plus a control gested that Fyn-deficient splenic T cells exhibit only
antibody, anti-H-2Kb (data not shown). Thus, a SLAM/ minor defects (Appleby et al., 1993; Stein et al., 1993),
SAP-mediated pathway contributes to the efficient re- we find that purified CD4 cells from Fyn-deficient mice
cruitment and/or stabilization of PKC- and Bcl-10 at show more global defects following low-dose CD3 stim-
the immune synapse. ulation, including reduced proliferation and production
of multiple cytokines, consistent with Fyn’s role in multi-
ple signaling pathways (Figures 6A and 6B, and Supple-SAP Deficiency Impairs TCR-Mediated
mental Figure S6A). Nonetheless, stimulation of Fyn-NF-B Activation
deficient CD4 cells in the presence of IL-2 or high-doseGenetic studies have demonstrated that PKC- and Bcl-
anti-CD3 plus anti-CD28 stimulation greatly improved10 are both required for activation of NF-B downstream
activation and proliferation in our hands (Figures 6Afrom the TCR (Sun et al., 2000; Thome, 2004). We there-
and 6B, and see Supplemental Figure S6B at http://fore examined the regulation of these transcription fac-
www.immunity.com/cgi/content/full/21/5/693/DC1/).tors in SAP-deficient cells. The classical NF-B family
Under these conditions, negatively selected sorted na-members (p50, RelA, and c-Rel) are sequestered in the
ive CD4T cells from wt and Fyn-deficient mice secretedcytoplasm by the IB series of inhibitory cytoplasmic
comparable levels of IL-2 and IFN-. However, IL-4 pro-proteins, which upon TCR stimulation undergo phos-
duction by Fyn-deficient cells was markedly reduced,phorylation, ubiquitination, and degradation (Thome,
even in the presence of exogenous IL-2 (Figure 6B and2004). In wt T cells, TCR activation led to a substantial
Supplemental Figure S6B). This defect appears to bereduction in IB- protein levels between 20–80 min
intrinsic to CD4 T cells because cells were negativelypost-stimulation. However, little TCR-induced IB-
selected and sorted to remove NKT cells, which aredegradation was observed in SAP/ T cells (Figures 5A
lacking in Fyn-deficient mice (Gadue et al., 1999). Fur-and 5B), despite similar TNF--mediated IB-degrada-
thermore, we found that Fyn-deficient CD4 cells weretion in both wt and SAP-deficient T cells (Figure 5B).
able to differentiate into TH1 and TH2 cells under appro-Interestingly, TCR-induced degradation of IB- ap-
priate polarizing environments (Supplemental Figurespeared relatively intact in SAP-deficient cells (Figure 5C).
S6C and S6D).In T cells, data argue that IB- binds NF-B1/p50
We then asked whether Fyn might be involved in theand RelA/p65 but not c-Rel, which instead preferentially
regulation of PKC- recruitment. Indeed, Fyn-deficientbinds IB- (Tam et al., 2001). Intriguingly, while c-Rel is
cells showed reduced PKC- recruitment to the lipid raftrequired for IL-2 production, p50 is not. Instead, p50/
fractions and impaired Bcl-10 phosphorylation followingmice have been shown to have TH2 defects associated
TCR engagement (Figures 6C and 6D), as well as de-with impaired GATA-3 induction (Das et al., 2001). More-
creased PKC- and Bcl-10 polarization in response toover, the GATA-3 promoter region contains several po-
anti-TCR-coated beads (Figures 4A and 4E). Fyn/tential NF-B binding sites that are conserved across
T cells also failed to increase PKC- and Bcl-10 recruit-species, suggesting that activation of NF-B family
ment in response to SLAM engagement (Figures 4A andmembers may be important for its regulation (Figures
4E). Accordingly, Fyn/ T cells exhibited a defect in5G and 5H). To determine how the selective defects in
TCR-driven degradation of IB- despite normal TCR-IB- degradation affect specific NF-B subunits in
induced phosphorylation of ERK and JNK1 (Figures 6ESAP-deficient cells, we examined NF-B localization
and 6F) and normal TNF--mediated IB- degradationand function. EMSA analyses showed that nuclear ex-
(Figure 6E). Thus, Fyn/ cells share phenotypes withtracts from both wt and SAP-deficient cells could form
those observed in SAP-deficient cells, supporting a rolecomplexes with NF-B consensus site probes. How-
for Fyn in activation of a PKC-/NF-B pathway.ever, p50-containing complexes were reduced in nu-
clear extracts from SAP-deficient T cells (Figure 5D).
Further analyses demonstrated that nuclear extracts A SAP/Fyn Pathway Influences IB
and TH2 Differentiationfrom wt and SAP/ purified T cells showed relatively
similar levels of c-Rel protein, consistent with their nor- To specifically address whether the ability of SAP to
recruit Fyn is required for PKC- recruitment and Tmal degradation of IB- (Figure 5E). However, SAP-
Immunity
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Figure 6. Fyn Is Required for TH2 Cytokine Production
(A and B) Naive CD62LCD44 negatively selected CD4 T cells were stimulated with anti-CD3 (10 	g/ml)  anti-CD28. (A), proliferation was
assessed by [3H]thymidine incorporation; (B), IL-2, IFN-, and IL-4 cytokine secretion.
(C) Purified T cells were stimulated with biotinylated anti-CD3 (10 	g/ml)  anti-CD28 (10 	g/ml) and X-linked with streptavidin for 30 min.
Distribution of PKC- and Vav were assessed in fractions 1, 2 and 9, 10, representing lipid raft (R) and soluble fractions (S), respectively. R:S
ratios are shown for the stimulated cells.
(D) Bcl-10 phosphorylation of purified T cells from wt and Fyn/ stimulated with anti-CD3 (10 	g/ml). Equivalent loading and stimulations
were confirmed by blotting for Lck and phosphoERK1/2.
(E) Impaired IB- degradation in both Fyn-deficient and SAP-deficient T cells in response to anti-CD3 stimulation (10 	g/ml, upper panel)
compared to T cells stimulated with TNF- (10 ng/ml, lower panel).
(F) Purified T cells were stimulated with anti-CD3 (10 	g/ml) and immunoblotted for phosphoERK1/2 and ERK or stimulated with anti-CD3 (3
	g/ml) plus anti-CD28 (10 	g/ml) and assessed for JNK activation.
helper cell differentiation, wt and SAP-deficient CD4 binding mutant (R78A) (Latour et al., 2003) or a GFP
vector control, and cytokine production was evaluatedT cells were transduced with bicistronic retroviruses
encoding human SAP, human SAP containing a Fyn by intracellular staining (Figures 7A and 7B). The expres-
Figure 5. SAP-Deficient T Cells Demonstrate Defective NF-B Activation
(A and B) IB- degradation in SAP-deficient T cells in response to (A) anti-CD3 stimulation (10 	g/ml, upper panel) versus (B) TNF- (10
ng/ml) (lower panel).
(C) IB- degradation in SAP-deficient T cells in response to anti-CD3 stimulation (10 	g/ml).
(D) T cells were stimulated with anti-CD3 for 24 hr, EMSAs were completed with NF-B consensus sequence, and complexes were supershifted
with anti-p50 antibody. Densitometric values for NF-B complexes are shown at right.
(E and F) Nuclear extracts (10 	g) from either unstimulated T cells or T cells stimulated with anti-CD3  anti-CD28  anti-SLAM for the
indicated times were immunoblotted for c-rel, Rel-A (p65), or NF-B1/p50.
(G) Conserved NF-B and GATA-3 binding sites are shown at the GATA3 locus on the UCSC Genome Browser (http://genome.ucsc.edu). NF-
B (red) and GATA-3 (green) binding site predictions are indicated over the fragments they reside in, as well as upstream of the “Known
Gene” mRNA entry. Note that these sites reside upstream of GATA-3 exon 1B based on EST and mRNA data.
(H) NF-B (red) and GATA-3 (green) binding site predictions in regions that are 100% conserved among human, mouse, and rat. Nucleotide
positions are based on the GATA-3 “Known Gene” entry (GenBank accession number BC003070).
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Figure 7. A SAP/Fyn Pathway Regulates TH2 Cytokine Secretion
(A and B) Negatively selected CD4 T cells were stimulated with anti-CD3 plus anti-CD28 for 24 hr, infected with the indicated retroviruses
(SAP, SAP-R78A, or MIGR), and maintained for 72 hr. After an additional 3 days in medium plus 10U/ml of IL-2, cells were restimulated for
intracellular cytokine analysis. (A) IL-4; (B) IFN-.
(C and D) Viable CD4 GFP T cells were isolated postinfection using ficoll, stimulated with anti-CD3  anti-CD28, and assessed for cytokine
production via ELISA. (C), IL-4; (D), IFN-.
(E) Post-infection, cells were incubated with latex beads coated with anti-TCR plus anti-SLAM for 30 min at 37
C, and GFP-positive cells were
evaluated for PKC- translocation.
(F) SAP protein levels in retrovirally transduced cells as assessed by immunoblotting.
(G) Model for the involvement of SAP in the regulation of PKC- and NF-B activation.
sion of SAP but not SAP R78A rescued IL-4 production and demonstrating that it involves a SAP/Fyn-mediated
pathway. SAP overexpression in wt cells also enhancedin SAP-deficient T cells, confirming that the defect in
IL-4 production is intrinsic to SAP-deficient CD4 T cells IL-4 production (Figure 7A), as is seen with T cells from
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transgenic mice overexpressing SAP (data not shown and c-Rel, which control the expression of multiple
genes involved in immune responses (Iwashima, 2003).and Latour et al., 2003). Moreover, in some experiments,
Nonetheless, the specificity of patterns of IB degrada-expression of the SAP R78A mutant in wt cells resulted
tion and NF-B activation are often not appreciated.in decreased IL-4 levels with a skewing toward IFN-
Most NF-B members can form homo- or heterodimersproduction. These changes in cytokine production were
that bind slightly different B motifs, and studies usingmost evident in supernatants of cells stimulated with
gene knockout mice have demonstrated distinct func-anti-CD3 plus anti-CD28 evaluated by ELISA: wt CD4
tions for different Rel family members (Leung et al.,T cells expressing R78A secreted more IFN- and de-
2004). Although p50-p65 heterodimers can interact withcreased IL-4 (Figures 7C and 7D).
an NF-B site in the IL-2 promoter, T cells from p50/Consistent with the rescue of IL-4 production, we
mice can produce IL-2 but have defective TH2 cytokinefound that expression of SAP but not SAP R78A rescued
responses in vivo (Artis et al., 2002; Das et al., 2001). InPKC- recruitment in response to anti-TCR anti-SLAM
contrast, c-Rel-deficient T cells fail to secrete IL-2 incoated beads (Figure 7E and data not shown). Further-
response to TCR stimulation (Kontgen et al., 1995). Datamore, SAP R78A reduced PKC- translocation in wt
suggest that in T cells, c-Rel binds specifically to IB-cells, consistent with the decreased IL-4 production
and has distinct kinetics and regulation of nuclear local-seen in cells expressing this mutant (Figure 7E and data
ization (Iwashima, 2003; Tam et al., 2001). The relativelynot shown). Together, these data argue that a SAP/Fyn
normal degradation of IB- and nuclear c-Rel in SAP-pathway plays an integral role leading to PKC-/NF-B
deficient T cells is therefore consistent with their normalactivation downstream from the TCR and SLAM and
IL-2 production. Indeed, while nuclear NF-B DNA bind-raise the possibility that an imbalance in this regulation
ing activity was reduced in SAP/ T cells, it was notcontributes to the TH2 defect in SAP-deficient cells.
absent, and we observed differential defects in the nu-
clear levels of distinct NF-B family members, withDiscussion
NF-B1/p50 being most affected. Our data raise the
possibility that by influencing the efficiency of PKC-The regulation of T helper cytokine production is critical
recruitment, SAP-mediated signals specifically affectfor proper immune cell function and appropriate re-
the degradation pattern of IB- and the patterns ofsponses to infectious agents. We provide evidence here
nuclear localization of specific NF-B subunits. To-that the adaptor molecule SAP contributes to this pro-
gether, these findings suggest that the balance of activa-cess via the regulation of TCR-mediated induction of
tion of distinct NF-B subunits may contribute to theGATA-3 and TH2 cytokines. We further demonstrate that regulation of T helper cytokine patterns, similar to whatSAP is recruited to the TCR contact site and plays a
has been found for NFAT family members. Whether andcritical role in TCR-stimulated PKC- and Bcl-10 recruit-
how these defects in NF-B activation specifically affectment and the activation of specific NF-B subunits (Fig-
IL-4 and GATA-3 regulation will require further investiga-ure 7G). The demonstration that SLAM/CD150 engage-
tion. However, the GATA-3 upstream region containsment can increase TCR-induced PKC- recruitment,
multiple potential NF-B binding sites that are highly
nuclear p50 levels, and IL-4 production in a SAP-depen-
conserved among mouse, rat, and human (Figures 5G
dent fashion further supports a role for SLAM in potenti-
and 5H), suggesting that GATA-3 may be particularly
ating these signaling pathways. Although a previous
sensitive to alterations in NF-B isoforms in the nucleus.
study has implicated SAP and Dok1 in the activation of Although we cannot rule out the influence of other
a NF-B reporter in heterologous cells, how this finding cell types on T helper cell differentiation, particularly the
related to T cell signaling pathways was unknown (Sylla effects of NK and NKT cells, both of which may be
et al., 2000). Similarly, although the role of Fyn in PKC- affected by mutation of SAP, we have used purified
regulation is unclear (Huang et al., 2002; Ron et al., 1999), naive CD4 cells and still observe defects in PKC- re-
our studies argue that a SAP/Fyn-mediated pathway is cruitment and TH2 cytokine production, supporting an
involved in the fine-tuned regulation of PKC- and NF- intrinsic defect in SAP-deficient T cells. SAP interacts
B activation in T lymphocytes and demonstrates that with several receptors related to SLAM, and it remains
SAP activation of Fyn is an essential downstream com- unclear which receptor(s) is responsible for the diverse
ponent of these signaling pathways. phenotypes seen in XLP. However, it is noteworthy that
Current data argue that GATA-3 mRNA is induced SLAM-deficient T cells also show impaired IL-4 produc-
both in response to TCR and IL-4 signals and can auto- tion (Wang et al., 2004), and that SLAM engagement
regulate its own expression, yet the TCR-mediated path- increased recruitment of PKC-, particularly at later
ways required for GATA-3 induction remain poorly de- times examined, when SLAM expression is increased.
fined. It is therefore of interest that a recent report Because SLAM can interact in a homophilic mode and
demonstrates TH2 defects in PKC-/ mice (Marsland is expressed on antigen-presenting cells, it is possible
et al., 2004). Moreover, data have implicated NF-B1/ that SLAM signaling may function in part to promote
p50 in the induction of GATA-3, and p50-deficient cells the efficiency or specificity of patterns of NF-B activa-
show impaired TH2 development in murine models of tion via PKC-. However, SAP deficiency also influenced
allergic asthma and Trichuris muris infection (Artis et the efficiency of TCR-mediated recruitment of PKC-,
al., 2002; Das et al., 2001). raising the possibility that SAP-regulated pathways di-
Although NF-B has been previously implicated in the rectly influence TCR signaling.
regulation of TH1 cytokine production downstream from How T cell defects may contribute to the phenotypes
CD28, the NF-B family consists of many proteins, in- of XLP is an important question. Two groups have re-
cently demonstrated that CD4 T cells from XLP patientscluding NF-B1 (p50), NF-B2 (p52), RelA (p65), RelB,
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Retroviral Transductionexhibit aberrant TCR signal transduction and activation
GATA-3 and control GFP vectors were provided by Dr. K.M. Murphy(Nakamura et al., 2001; Sanzone et al., 2003). Although
(Washington University). SAP cDNA was amplified by RT-PCR fromthe data in these papers vary somewhat from each other
normal human PBMCs and cloned into pMIGR (Pear et al., 1998).
and from our findings, it is notable that defective TCR- SAP R78A was generated by site-directed mutagenesis (Clontech,
induced IB- degradation was observed (Sanzone et Palo Alto, CA). Retroviral stocks were generated in 293T or Pheonix-
Eco packaging cells (Pear et al., 1998). Purified negatively selectedal., 2003). Further analyses will be required to determine
CD4 T cells (5  106) were activated with anti-CD3 and anti-CD28whether differences with our other results are due to
under neutral conditions (anti-IL-4 and anti-IFN-) in 5 ml of medium.cross-species differences, to use of prestimulated cells
After 24 hr, 0.5–3 ml media was replaced with equivalent volumesand different conditions of stimulation, or to previous
of filtered viral supernatants plus 5 	g/ml of polybrene (Sigma), and
exposure to infectious agents, including EBV in the hu- cells were centrifuged at 3 krpm for 90 min at room temperature
man cell studies. Nevertheless, together these studies and incubated for an additional 48 hr. Cells were washed, cultured
for 3 days in 10 U/ml of human IL-2, and then restimulated forsuggest that SAP deficiency can directly affect signaling
intracellular cytokine analysis or ELISA.downstream of the TCR.
Similarly, studies of cytokine production from cells of
patients with XLP have reached varying conclusions Immunoblotting and Reagents
Lysates were immunoblotted with the following antibodies: anti-(Seemayer et al., 1995; Yasuda et al., 1991). However,
phosphotyrosine (4G10) and PLC- (Upstate Biotechnology, Lakebecause many studies on XLP were performed on cells
Placid, NY), anti-phospho ERK1/2, ERK, Vav, IB-, IB-, Lck, Bcl-from patients who had been exposed to EBV, it is unclear
10 (331.3), Fyn, PKC-, Src-2, SAP, Stat6, p50, c-Rel (Santa Cruz
which may be secondary phenotypes, especially to ex- Biotechnology, Santa Cruz, CA), phosphoAkt, Akt, phosphoJNK,
posure to drugs that may alter immune cell function. and JNK (Cell Signaling Technology, Beverly, MA). Anti-p65 was
Nonetheless, an imbalance in the regulation of NF-B kindly provided by U. Siebenlist (NIAID).
and T helper cell differentiation has many potential links
to the phenotypes associated with XLP. In particular, a Isolation of Lipid Rafts
global shift away from the production of TH2 cytokines Cells were lysed at 10  106/ml in TMK lysis buffer, and lipid raft
fractions were separated by discontinuous sucrose gradients (Filipp(including IL-4, 5, and 10) and toward TH1 activation
et al., 2003). Separation was evaluated by immunoblotting with chol-may contribute to the increased T cell activation and
era toxin HRP (Sigma), anti-Fyn, Lck, and PLC-.decreased humoral responses seen in XLP. The findings
here provide a molecular framework for probing T cell
EMSAfunction and immune cell dysregulation in this com-
Purified total T cells were stimulated with anti-CD3  anti-CD28 forplex disorder.
24 hr, and nuclear extraction and EMSAs were done as described
(Schaeffer et al., 2001).
Experimental Procedures
Ca2 MobilizationMouse Strains
CD4 T cells were loaded with Fluo3-AM (5 	g/ml) and Fura Red (5SAP/ mice were backcrossed to C57BL6/J for seven generations
	g/ml) (Molecular Probes, Eugene, OR), and Ca2 mobilization wasand maintained in SPF conditions (Czar et al., 2001). AND TCR
done as described (Schaeffer et al., 2001).transgenic, Fyn/, IFN-/, and their controls were from Jackson
Laboratory. OT-II transgenic mice were purchased from Taconic.
Conjugate Assay
Cell Purification and Cytokine Production Beads (Interfacial Dynamics Corp.) were coated with antibodies
Total T cells from were purified by negative selection columns (R&D, and conjugated to cells. Alternatively, purified CD4 cells from AND
Minneapolis, MN). CD4 T cells were purified by negative selection transgenic mice were stimulated with CH27 cells pulsed with pep-
with FITC-labeled anti-HSA, B220, CD8, NK1.1, DX5, and Mac-1 (BD tide, and conjugates were fixed, stained, and visualized by fluores-
PharMingen, San Diego, CA) and anti-FITC Microbeads on a MACS cent microscopy (Zeiss Axiophot) as described (Labno et al., 2003).
column (Miltenyi Biotec, Auburn, CA). Naive CD4 T cells were Anti-SLAM was provided by A. O’Garra (DNAX). Goat anti-Bcl-10
sorted for CD62Lhi CD44lo cells. Cells were stimulated for 24–72 hr was from Santa Cruz Biotechnology.
with anti-CD3 (1 	g/ml) plus anti-CD28 supernatants (1/500, gift of
R. Schwartz, NIAID), and supernatants were analyzed for cytokines
Comparative Sequence Analysis of the GATA-3 Promotervia ELISA (R&D). T cell differentiation was done as described (Czar
Genomic sequences from the UCSC Genome Browser (http://et al., 2001). Neutral conditions included anti-IL-12, anti-IFN-, and
genome.ucsc.edu) were masked for repetitive DNA, analyzed byanti-IL-4. Cells were washed and expanded in IL-2 (10 U/ml) for 3
MultiPipMaker (Schwartz et al., 2003) (http://bio.cse.psu.edu/cgi-bin/days, then restimulated with anti-CD3 and anti-CD28, and cytokines
multipipmaker), and scanned for fragments 10 bp and 100% con-were measured via ELISA. For intracellular cytokine analysis, cells
served in all species. GATA-3 and NF-B binding sites were deter-were treated as described (Jankovic et al., 2004). Retrovirally in-
mined by TRANSFAC 7.2 (Matys et al., 2003) using all availablefected cells were gated based on CD4 and GFP expression. Data
matrices for each factor and cutoff selections that minimized falsewere obtained using a FACscalibur and analyzed with CELLQuest
positive and negatives.(Becton-Dickinson). Negatively selected OT-11 CD4 cells were stim-
ulated OVA peptide-pulsed CD11c splenic dendritic cells (Jankovic
et al., 2004), and supernatants were isolated for cytokine production. Acknowledgments
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